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So far, a variety of methods for energy storage have been explored and 
developed, among which, electrochemical, physical, and electromagnetic 
methods are the main forms of energy storage applied to new energy power 
generation. The electrochemical way refers to battery energy storage, such as 
lead—acid, lithium-ion, vanadium redox battery (VRB), etc. The physical way 
includes pumped hydro storage (PHS), compressed air energy storage (CAES), 
and flywheel energy storage; the electromagnetic way includes supercapacitor 
energy storage and superconducting magnetic energy storage (SMES). There 
are obvious differences in energy density, power density, and application 
properties of different energy storage technology (EST), which give them both 
strengths and weaknesses in power system applications. Thus, some new types 
of EST, such as lead—carbon battery, Li/S battery, heat pump energy storage 
(ES), and gravity ES, have been studied to improve the technical and economic 
characteristics of the original ES, which actively promotes the innovation and 
development of ES industry. 

This chapter introduces the working principles and characteristics, key 
technologies, and application status of electrochemical energy storage 
(ECES), physical energy storage (phES), and electromagnetic energy storage 
(EMES), respectively, and briefly several new types of EST. Finally, the ESTs 
suitable for new energy generation are proposed in this chapter based on the 
multiangle comparison and analysis made from aspects of technical maturity 
and performance parameters of different ESTs. 


2.1 Electrochemical energy storage 
2.1.1 Lead—acid battery 
2.1.1.1 Working principle and characteristics 


A lead-acid battery is composed of a positive plate, negative plate, electro- 
lyte, separator, slot, and cover, etc. It takes PbO», as the positive active 
material, Pb as the negative active material, sulfuric acid as an electrolyte, and 
its open circuit voltage is 2v. The positive and negative active materials are 
converted into PbSO, after the discharge of the battery, and the electro- 
chemical reaction is as follows: 


Anode reaction: Pb + HSO, — 2e<PbSO4 + Ht (2.1) 
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Cathode reaction: PbO, + 3H? + HSO;, + 2e< PbSO4 + 2H2O (2.2) 





Total battery reaction: PbO2 + Pb + QHt + 2HSO,  PbSO4 + 2H2O 
(2.3) 


Water begins to break down when the charge state of the positive plate 
reaches about 70% in the process of battery charging: 


2H,O—> 0, + 4H* + 4e (2.4) 


A lead-acid battery is divided into ordinary nonsealed, flooded lead—acid 
batteries and valve-regulated lead—acid batteries, according to the structure 
and working principle. The electrode reaction mechanism of the valve- 
regulated lead—acid battery during charge and discharge is the same as that 
of an ordinary lead—acid battery while the battery structure and working 
principle changes a lot for its adopting oxygen composite technology and lean 
liquid technology. Oxygen composite technology makes the hydrogen and 
oxygen produced in the charging process recombine into water and return to 
the electrolyte; lean liquid technology ensures that the oxygen can move 
rapidly and massively to the negative electrode to increase charging current. 
Oxygen composite technology and lean liquid technology can not only 
improve the specific efficiency, specific power, and specific energy of a 
lead—acid battery, but they can also lengthen its cycle life and reduce the 
maintenance cost. 

The strengths of lead—acid battery are as follows: (1) low investment cost; 
(2) it is easy for charge and discharge control for the open circuit and 
discharge depth are basically linear; (3) themonomer capacity ranges from tens 
to thousands of ampere hours, so it is safe and reliable for MW-level energy 
storage station after series-parallel connection; and (4) mature recovery 
technology and high utilization rate. 

The weaknesses of lead—acid battery are these: (1) the specific energy is 
low, generally 30—50 WH/kg; (2) short cycle life, usually 500 times; (3) heavy 
metal waste water containing lead is produced in the production process, 
which is acidic and easily causes pollution. 


2.1.1.2 Key technologies 


The key technologies of lead—acid battery include the preparation technology 
of grid alloy, positive and negative electrode and separator material, battery 
sealing, and maintenance-free technology, etc. The main trend of lead—acid 
battery will be the optimization of the preparation technology of key raw 
materials for batteries, improvement of the battery structure design, 
manufacturing process, and the applicable range of battery working condi- 
tions; besides, advanced lead—acid batteries will be developed, such as 
lead—carbon batteries. These new technologies are expected to lead to 
breakthroughs in energy density and cycle life of lead—acid batteries. 
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2.1.1.3 Application status 


The merging and integration of the lead—acid battery industry in Europe and 
America have been extremely rapid. The annual output of lead—acid batteries 
in the United States amounted to $10.5 billion, accounting for one-third of the 
global output. Japan is leading the world in lead—acid batteries for motorcycle 
seals. The lead—acid battery has been widely used in power plants, substations, 
and other fields abroad. It plays an important role in maintaining the safety 
performance, stability, and reliable operation of power systems. As a result, it 
ranks first in various types of chemical power sources in terms of yield and 
output value. Table 2.1 lists some MW-level lead—acid battery energy storage 
systems and their roles. 


2.1.2 Lithium-ion battery 
2.1.2.1 Working principle and characteristics 


A lithium-ion battery takes imbedded and extracted metal oxide or sulfide 
embedded as the positive electrode, organic solvent inorganic salt system as 
the electrolyte, and carbon material as the negative electrode. Lit comes out of 
the positive electrode into the negative electrode lattice, and the positive 
electrode is in a Li* lean state in charging process; Lit comes out from the 


TABLE 2.1 Some large lead—acid battery energy storage systems. 


Rated power/ 


capacity (MW/ Installation 
Name Location = MWh) Functions time 
BEWAG Berlin 8.5/8.5 Hot standby, 1986 
frequency control 
Crescent North 0.5/0.5 Peak value 1987 
Carolina adjustment 
Chino California 10/40 Hot standby, load 1988 
balancing 
PREPA Puerto 20/14 Hot standby, 1994 
Rico frequency control 
Vernon California 3/4.5 Improve power 1995 
quality 
Metlakatla Alaska 1/1.4 Improve the stability 1996 
of isolated power 
grid 


ESCAR Madrid 1/4 Load balancing Late 1990s 
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FIGURE 2.1 Working principle of a lithium-ion battery. 


negative electrode and inserts into the positive electrode, and the positive 
electrode is rich in Li* in the discharging process. To keep the charge balance, 
the same number of electrons should be transferred through the external circuit 
during charging and discharging and move with Li’ between positive and 
negative electrodes at the same time. Thus the redox reaction on the negative 
electrode is induced to maintain a certain potential, as shown in Fig. 2.1. 

A lithium-ion battery is divided into lithium cobalt acid, lithium nickel 
acid, lithium manganese acid, lithium iron phosphate, etc., according to 
different positive electrode materials. Table 2.2 is a comparison of the char- 
acteristics of different lithium-ion batteries. 

As the first commercial lithium-ion battery, the lithium cobalt oxide battery 
(LiCoOz) has mature technology and a high market share. The theoretical 
capacity is 274 mAh/g, the practical capacity is greater than 140 mAh/g, and 
the open circuit voltage is 3.7 V. The main Strengths of LiCoO) are stable 
voltage in charging and discharging process and good circulating performance. 
The main disadvantages are these: the raw materials are more expensive, the 
safety performance of anti-over-charging is poor, and it is not suitable for a 
large-scale power battery. 

The theoretical capacity of lithium nickel oxide (LiNiO2) is 274 mAh/g, 
the practical capacity is 190-210 mAh/g, and the open circuit voltage is 
2.5—4.2 V. The main advantage of LiNiO2 is its low cost for the nickel re- 
sources, which are relatively abundant. The main disadvantages are the syn- 
thesis conditions are harsh, the circulation stability is poor, and the safety 
performance needs to be improved. 

The theoretical capacity of lithium manganese oxide (LiMn2O,) is 
148 mAh/g, the practical capacity is 90~M20 mAh/g, and the open circuit 
voltage is 3—4 V. The main advantages are low cost and higher safety perfor- 
mance than LiCoO, so it occupies an important position in the global power 
battery field. The main disadvantages are low theoretical capacity and poor 
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TABLE 2.2 Comparison on characteristics of different lithium-ion batteries. 


Open Cycle 
Theoretical — Practical circuit index 
Anode capacity capacity _- voltage Safety (100% 
material (mAh/g) (mAh/g) (Vv) Cost performance DOD) 
LiCoO2 274 140—160 af H Fair 300—500 
LINiO>2 274 190—210 20—-4,2 M Poor >300 
LiMn ,O4 148 90-120 3-4 IL Good 100—200 
LiFePO, 170 110-165 3.4 L Excellent >2000 


circulation performance. Newly developed LiMnOy cathode material in both 
theoretical capacity and the practical capacity is greatly improved, the theo- 
retical capacity is 286 mAh/g, the practical capacity is about 200 mAh/g, and 
open circuit voltage ranges from 3 to 4.5 V, but there still exists the problem that 
the structure is unstable in the process of charging and discharging. 

The theoretical capacity of the lithium iron phosphate (LiFePO,) is 
170 mAh/g, the practical capacity is greater than 110 mAh/g, and the open 
circuit voltage is 3.4 V. The main advantages are these: good cycle perfor- 
mance, more than 80% of the capacity is maintained after 2000 monomer 
100% DOD cycles, high safety performance, stable voltage in discharging with 
continuous charge and discharge under condition of 1—3°C, instantaneous 
discharge ratio is up to 30°C. The main disadvantages are the low theoretical 
capacity, temperature performance is poor, and the discharge capacity decrease 
to 70%—80% under 0°C. 

Lithium titanate (Li4Tis0;2) can greatly improve the circulation perfor- 
mance of the system when it takes the role of negative electrode material, and 
the capacity retention rate of the single battery is more than 80% after 3000 
cycles at 100% DOD; it has good safety performance, high magnification 
(40—50°C) discharge, quick charge (10°C), and a wide temperature range. The 
main disadvantages are the low working power (2.5 V), poor electronic con- 
ductivity, easy gas in the production process, and high price for its small-scale 
production at present. 


2.1.2.2 Key technologies 


The research trends of positive electrode materials include nanocrystalline, 
nanocrystalline coating carbon, suitable doping, particle surface coating, and 
stability of materials. 

Carbon materials and lithium titanate are the main negative electrode 
materials. The price of carbon materials is relatively low and has wide 
application, but the safety performance is poor. The most suitable anode 
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material is lithium titanate, which has been used by Toshiba in Japan to 
produce new lithium-ion batteries. 

The quality of diaphragm material directly determines the safety and cycle 
life of lithium-ion batteries, and the research focuses on safety, yield, high 
performance, and low cost. High-end membrane materials, especially for 
power lithium-ion batteries, have higher demands for products’ consistency. 
The stability of mass production batch of diaphragms produced with China’s 
own intellectual property rights is relatively poor. 

The lithium-ion battery model is used to solve the problems in design, 
production, and application. It includes a three-dimensional thermal analysis 
model, life prediction model, ion diffusion model, thermal safety model, and 
battery current distribution model. The lithium-ion battery involves knowledge 
of material, catalyst, reaction dynamics, heat transfer, mass transfer, flow, and 
other fields. As a result, many models are not yet mature, and the accuracy and 
dynamic response characteristics need to be further improved for its compli- 
cated reaction mechanism. 


2.1.2.3 Application status 


The lithium-ion battery energy storage system mainly plays the role of 
smoothing output of hybrid wind/PV generation, load shifting, and frequency 
regulation of the power network in many countries, among which the United 
States leads the world. The battery system was tested by Electric Power 
Research Institute in 2008, and it carried out research on the application of 
lithium-ion batteries distributed energy storage in an energy storage project in 
2009. In addition, a demonstration application of the MW-grade lithium-ion 
battery energy storage system was also carried out to smooth wind power, 
adjust the frequency and voltage of the power system, etc. 

State Grid corporation of China, China southern power grid company 
successively built MW-grade lithium-ion battery energy storage power station 
demonstration project; some energy storage manufacturers also established the 
kW- to MW-grade lithium-ion battery energy storage system and carried out 
PV battery energy storage hybrid power system and load shifting tests. The 
20-MW lithium-ion battery energy storage system established at the first phase 
of the national wind/PV energy storage and transmission demonstration project 
has played a role of smoothing power output of wind/PV, tracking the 
operation of plan generation, load shifting, and system frequency regulation. 


2.1.3 Vanadium redox battery 


2.1.3.1 Working principle and characteristics 

VRB takes vanadium-ion solution with different valences as its positive and 
negative active materials, which are stored in their respective electrolyte 
storage tanks, as shown in Fig. 2.2. 
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FIGURE 2.2 Schematic diagram of VRB. 


The positive counter electrodes of VRB are VO7*/VO"", while the nega- 
tive one is V7*/V**. VRB is the only battery system that uses the same 
element among all chemical powers, which avoids the cross-contamination of 
different kinds of active materials from principle in one battery. The standard 
electric potential difference of VRB is 1.26 V, the total battery efficiency is 
715%—80%. 

The electrolyte is operated by the pump and circulates through the positive 
and negative chambers of the battery leading to the oxidation and reduction 
reactions on the electrode surface in the charging and discharging process. 
Both reactions are reversible on the carbon felt electrode with fast reaction 
kinetics and high current efficiency and voltage efficiency, making it the most 
successful liquid-flow cell to date: 


Cathode reaction: VO** + H,O —e VO}; + 2H* (2.5) 


Anode reaction: V** + eo V+ (2.6) 








Total battery reaction: VO?* + HO + V** VO} + V7 +2H* (2.7) 


These are the strengths of VRB: (1) battery power output depends on the 
size of the battery stack, while the energy storage capacity depends on the 
reserves and concentration of the electrolyte, so the energy storage capacity 
and power are independent of each other, which makes the battery system 
design flexible and modular combination easy; (2) all reactions are completed 
in the liquid phase; vanadium ions are the only electrolytical ions to change 
status in the charging and discharging process, so VRB can realize ultradeep 
discharge (100%) without causing irreversible damage to the battery, resulting 
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in long service life; and (3) there is low cost for the repeated use and regen- 
eration of vanadium electrolyte. 

There are also disadvantages of VRB: (1) the circulating pump is necessary 
to maintain the flow of electrolyte, which reduces the overall energy effi- 
ciency; (2) battery working temperature should be controlled in 5—45°C for 
vanadium with low valence is not easy to dissolve and separate crystals out 
when temperature is low, while service life reduces when temperature is high 
for the five-valence vanadium is easily decomposed into vanadium oxide; (3) 
the capacity unit price is relatively high, even with the price level of the 
sodium—sulfur battery, which is not superior to the price of the equivalent 
iron—lithium battery. 


2.1.3.2 Key technologies 


Electrolyte is the most important factor that affects the battery, followed by the 
diaphragm and electrode material. 


1. Electrolyte. It is special that the electrochemical active material is dissolved 
in electrolyte. The voltage and volumetric energy of the battery increase 
when the concentration of electrolyte increases, but the resistance and vis- 
cosity, etc., are the same. In addition, due to the low solubility of pentavalent 
vanadium, the positive electrode solution will precipitate red polyvanadate 
and block the porous electrode surface when the battery is close to being 
fully charged, which leads the battery to gradually lapse. Therefore, high 
concentration and stability of electrolyte should be developed. 

2. Diaphragm. The diaphragm basically decides the battery life and conversion 
efficiency; therefore it is required to have high corrosion resistance and ion 
exchange capacity to isolate positive and negative electrolyte to prevent the 
mixing of vanadium ions in different valence states, but only to free hydrogen 
ions. The diaphragm material is mainly divided into cation exchange mem- 
brane and anion exchange membrane. If the cation exchange membrane is 
adopted, a small amount of V7* or V** ions will be combined with water to 
pass through the membrane and enter the anode of the battery; if the anion 
exchange membrane is selected, the neutral VOSOy, and the anion VO2SO; 
will also cross into the negative pole of the battery. At present, the cation 
exchange membrane, which is resistant to corrosion, and only allow H* with 
low impedance, is an important research direction in this field. 

3. Electrode material. There are certain requirements for the electrode 
material: the electrode material should have high activity to positive and 
negative electrochemical reactions and reduce the activation of the 
electrode reaction; have excellent conductivity to reduce the battery’s 
polarization in charging and discharging process; have a better three- 
dimensional structure to facilitate the flow of electrolyte and reduce the 
loss of pump consumption when the battery is working; and have high 
electrochemical stability to prolong battery life. 
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2.1.3.3 Application status 


Sumitomo Electric Industries (SED and Kansai Electric Power have jointly 
developed VRB since 1985 and focused on the research and development of a 
fixed-type VRB power storage system, which is mainly used for peak regu- 
lation of power plants and wind and solar power generation systems. SEI 
already has the full range of technologies for producing and assembling a VRB 
system, putting it into commercial operation. In addition, countries such as 
Germany, Austria, and Portugal are also carrying out studies on the energy 
storage system based on VRB, which are expected to be applied to the PV 
power generation and wind power generation systems. 

China began to develop VRB in the 1990s and has made some break- 
throughs in key materials and prototypes; some demonstration models of 
different sizes been successively developed. Prudent Energy Corp. has realized 
the asset acquisition of VRB Power energy systems in Canada, including all 
patents, trademarks, technical secrets, and equipment materials owned or 
controlled by VRB Power. Table 2.3 lists the typical demonstration projects 
and functions of VRB. 


2.1.4 Zinc—bromine 


2.1.4.1 Working principle and characteristics 


The zinc—bromine battery was jointly proposed by Exxon and Gould in the 
1970s. The negative active material of zinc—bromine battery is metallic zinc, 
the positive active material is bromide separated by a porous diaphragm, and 
the electrolyte is zinc bromide. During the charging process, the zinc is 
deposited on the surface of the negative pole in metallic form, and the bromine 
is formed and stored at the base of the positive electrolyte. The theoretical 
open circuit voltage of zinc—bromine battery is 1.82 V, and the total efficiency 
is about 70%. The electrochemical reactions on the electrode when charging 
and discharging are as follows: 


Cathode reaction: Zn?*+ + 2e Zn (2.8) 
Anode reaction: 2Br- < Br + 2e (2.9) 
Battery reaction: Zn + Br2 <> ZnBr (2.10) 


The strengths of zinc—bromine battery are these: (1) the theoretical energy 
density is 430 Wh/kg and actually can reach 70 Wh/kg; (2) it has good cir- 
culation performance where the discharge depth will not damage the battery 
when it is at 100%; (3) it works under normal temperature, so no complex 
thermal control system is required; and (4) since both zinc and bromine in the 
electrolyte are common substances, they are cheaper than vanadium batteries. 

There are also disadvantages of the zinc—bromine battery: (1) the aqueous 
solution of bromine is corrosive to the battery material; (2) during the charging 
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TABLE 2.3 Typical demonstration projects and function of vanadium flow 


battery. 

Time/ 

year Location Capacity Functions 

2007 State of Florida 2x5kWx4h _  PV/energy storage 

generation 

2007 Remote base station in 5 kW x 4h Telecommunication 
Kenya backup power supply 

2006 Some Hill Wind Farm in 2 MW x 6h Wind power generation 
Ireland energy storage 

2006 Riso National Library in 15 kW x 8h Wind power generation 
Denmark and energy storage 

2004 Castle Valley project in 250 kW x 8h Load shifting regulation 
Utah 

2003 King Island Wind Farm of 200 kW x 8h Wind power generation, 
Oceania energy storage, diesel 

generator 

2001 Sapporo, Hokkaido Wind 4 MW/6 MWh Wind power generation 
Farm in Japan and energy storage 

1999 Kansai Electric Power 450 kW/ Load shifting regulation 

1 MWh 

1997 Yokohama factory of 200 kW/ Smooth load fluctuation 
Sumitomo Electric 800 KWh 
Industries Ltd. 

2004 Columbia Air Force Base 12 MW/ Standby power 
of United States 120 MWh 


process, zinc tends to form the crystallized structure that causes the battery 
short circuit; and (3) bromine is easy to dissolve in the zinc bromide solution, 
which makes the bromine easy to diffuse to react directly with the zinc, 
causing an increase of the battery’s self-discharge. 


2.1.4.2 Key technologies 


The battery material and structure need to be improved for the aqueous 
solution of bromine is corrosive to the battery material. 

Deposition uniformity must be controlled for the deposition of zinc on the 
current collector may form a crystallized structure. The influencing factors 
include the flow velocity of the electrolyte, the length of the stretch direction, 
the thickness of the pore layer of the carbon electrode, and the addition of an 
organic inhibitor. 
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Battery self-discharging is influenced by the bromide diffusion coefficient 
in the diaphragm, the thickness of the diaphragm, the positive electrolyte 
liquid tank of oil phase volume and distribution coefficient of water phase and 
organic phase that liquid bromine has in the anode, and the electrolyte flow 
dynamics condition, etc. The degree of self-discharge can be reduced by 
adding complexant in the positive electrolyte. 


2.1.4.3 Application status 


ZBB is the leading international producer of the zinc—bromine battery and has 
successfully developed the 50—500 kWh battery pack. The Department of 
Energy, the Sandia National Laboratory, and the California Energy Commission 
have demonstrated the system performance, reliability, and technical compet- 
itiveness. In 2011, ZBB coproduced a zinc—bromine energy storage battery 
and its management system with a number of companies in China, which is 
currently at the stage of product development and technical verification. 

Japan has been working on the development of zinc—bromine battery 
technology for electric utility since 1980. In 1990, 1 MW/4 MWh zinc— 
bromine battery was installed in Fukuoka Imajuku Kyushu Electric Power 
company substation by New Energy and Industrial Technology Development 
Organization, Kyushu and Meidensha, which is currently the world’s largest 
zinc—bromine battery pack. The battery pack has completed more than 1300 
cycles, with energy efficiency of 66%. 


2.1.5 Sodium sulfur 
2.1.5.1 Working principle and characteristics 


Conventional secondary batteries such as lead—acid batteries and lithium-ion 
batteries are made of a solid electrode and liquid electrolyte, whereas the 
sodium—sulfur (NAS) battery, by contrast, is composed of a molten liquid 
electrode and solid electrolyte. The negative active material is molten metal 
sodium, the positive active material is sulfur and sodium polysulfide molten 
salt, and sulfur fills in conductive porous carbon or graphite felt. Also, the 
diaphragm is beta-Al,03. The working principle of the NAS battery is shown 
in Fig. 2.3. The charge and discharge processes are reversible, and the whole 
process is controlled by the concentration diffusion. 

The open circuit voltage of NAS battery will be reduced linearly to 1.74 V 
with the change of the sulfur Na2S,, as shown in Fig. 2.4. The NAS battery is 
ohmic in most of the discharge range. Therefore, the discharge characteristics 
of the battery are completely determined by the internal resistance, i.e., the 
battery discharge capacity is independent of the discharge ratio. This is a very 
striking feature of NAS batteries that differs from other batteries. 

These are the strengths of NAS: (1) the theoretical specific energy is 
760 Wh/kg, which is 3—4 times that of a lead—acid battery; (2) the discharge 
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FIGURE 2.3 Working schematic diagram of NAS batteries. 
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FIGURE 2.4 Changes of the open circuit voltage of sodium—sulfide batteries. 


current density can be as high as 200—300 mA/cm’, which can release three 
times the intrinsic energy of the electric current; and (3) it has a long cycle life, 
where it can discharge more than 2500 times under the condition of 100% DOD. 

The disadvantages of NAS are as follows: (1) the working temperature of 
NAS is 300—350°C, when sodium and sulfur are in liquid under high tem- 
perature. If battery short circuit is caused by damaged ceramic electrolyte, 
sulfur and sodium will come into direct contact to cause an intense exothermic 
reaction that produces high temperature up to 2000°C followed by serious 
safety performance problems; (2) the working rate of the battery is low, which 
is not suitable for high power and fast charging and discharging; and (3) due to 
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the corrosive nature of sulfur, the battery protector needs to be treated with 
strict corrosion resistance. 


2.1.5.2 Key technologies 


The materials and preparation process of NAS batteries hopes to improve and 
perfect the beta-Al,03 solid electrolyte sintering technology of ceramic tubes 
and study on the beta-Al,03 ceramic tube nondestructive testing technology. A 
goal is to design a solid polymer electrolyte battery production system and 
realize the automatic continuous production process for creating a high-capacity 
monomer NAS battery with excellent performance and good consistency. 

Study on the interface characteristics of NAS batteries is important. In the 
battery exists an electrolyte/molten electrode and electrolyte insulating ring, 
and the electrolyte/sealants interface for beta-Al,O3 is solid electrolyte and 
diaphragm material. So it is needed for the corresponding interface charac- 
teristics research to ensure the mechanical properties and thermal matching 
properties of various combinations in the battery. 

Study on the performance stability, reliability, and degradation mechanism 
of NAS batteries is key. The performance degradation of the battery is caused 
by a variety of mechanisms, and the root causes and their impacts on per- 
formance degradation need to be studied. 

Regarding the manufacture and equipment technology of NAS battery 
modules, the key technologies to standardize the NAS battery module include 
connection technology, internal structure optimization, and a thermal man- 
agement system. 


2.1.5.3 Application status 


At present, NGK and Tokyo Electric Power subsidiaries are still the sole 
producers of NAS batteries in the world, which provide more than 200 
sodium—sulfur battery storage systems (>300 MW). In recent years, the NAS 
battery energy storage system has been widely used in such fields as load 
leveling, standby power supply, smoothing instantaneous fluctuation of power 
output, and ensuring stable output for a long time. In 2008, NGK installed a 
34-MW NAS battery energy storage system at the 51-MW wind power station 
in six villages in Tsing Sen county, which stabilized the output power of the 
day by storing the electricity generated by night fans. The instantaneous power 
fluctuation of the wind power can be smoothed and the planned curve can be 
operated in a constant power mode for 2—4h after the configuration of the 
NAS battery energy storage system. 

In China, Shanghai Electric Power Company and the Shanghai Silicate 
Institute have made a breakthrough in the key technology of a NAS battery with 
large capacity and small batch preparation (2 per annum): a 100 kW/800 kWH 
NAS battery energy storage power station has had a successful demonstration 
run. Though the production process, major equipment, cost control, and market 
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demand are still in need of development, and there is no application example 
of using a NAS battery energy storage system in China. Therefore, more 
investment and breakthrough in the commercial-scale production and marketi- 
zation of NAS batteries in China is needed. 


2.2 Physical energy storage 
2.2.1 Pump hydro storage 
2.2.1.1 Working principle and characteristics 


PHS is a more widely applied energy storage technology, and its basic 
principle is converting electrical energy into potential energy that is stored 
in an upper reservoir through pumping water from a lower reservoir when the 
power system is at a low load; on the contrary, the water in upper reservoir will 
be operated under water turbine to generate electricity during the peak load of 
the power grid. The working principle of PHS is shown in Fig. 2.5. 

Usually, the PHS power station is divided into two types according to the 
condition of natural runoff: 


1. Pumped storage power station with no function of generating electricity. 
There is no or only limited natural runoff, and water recycles between the 
upper and lower reservoir. All the installations in the plant are pumped 
storage units, which are mainly responsible for tasks such as load shifting 
regulation, emergency standby, and not taking on conventional power 
generation tasks. 

2. Mixed type pumped storage power station. There is natural runoff in the 
upper reservoir, and the water flow has reached the capacity to install 
conventional hydro generator sets to bear the load of the system. Part of the 
unit that is installed in the plant is the conventional water turbine generator 
set, and the other part is the pumped storage unit, which can take advantage 
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FIGURE 2.5 Working schematic diagram of PHS. 
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of the natural runoff to undertake tasks such as conventional power 
generation and water energy comprehensive utilization, as well as tasks 
such as load shifting regulation and emergency standby. 


The pumped storage power station is the most mature and widely used 
large-scale energy storage technology. It has the strengths of large capacity 
(1 million kW), long life, and low operating cost. However, the construction of 
a pumped storage power station is constrained by geographic conditions, and it 
needs suitable upper and lower reservoirs. There is a certain amount of energy 
loss during energy conversion between pumping and generating, and the 
storage efficiency is about 75%—80%. 

The pumped storage power station is generally built in the mountains far 
away from the power load. It is necessary to build a long-distance transmission 
system with a long construction period and high investment. 


2.2.1.2 Key technologies 
The key technologies of PHS include the following: 


1. determination of reservoir capacity of upper and lower reservoirs, which 
includes the required storage capacity of the power generation, emergency 
storage capacity, and death storage capacity; 

2. optimization of inlet/outlet port design, which includes the flow velocity 
distribution of the inlet/outlet, flow allocation problem, and inflow vortex 
problem; 

3. high-pressure water pipeline design, which includes the selection of the 
lean pipe type and the hydraulic characteristics of the pressure pipeline; 

4. starting mode of motor, which involves not only the structure of the unit, the 
electrical main wiring, and plant layout of the power station, but also the 
engineering investment of the electromechanical equipment. At present, 
the pump storage power station generally adopts the mode that frequency 
converter starts as the main and back-to-back start is the secondary. 


2.2.1.3 Application status 


The construction of pumped storage power stations is 130 years old. The 
development of PHS technology in many countries is relatively mature. For 
example, the installed capacity of Japan pumped storage power station has 
exceeded the installed capacity of conventional hydro power. Pumped storage 
power stations are mainly used for power system load in valley, frequency 
modulation, phase modulation, emergency standby, and black start, and pro- 
vide spare capacity in the system. They can also improve the efficiency of the 
operation of thermal and nuclear power plants, as well as improving wind energy 
efficiency and quality of power supply. Until the end of 2010, the proportion 
of pumped storage power of different countries was as follows: France 13%, 
Japan 9.8%, Germany 11.2%, Britain 5.6%, the United States 2.2%, and China 
was 1.8%, with the highest proportion of 2.5% in east China. 
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Compared with the major countries such as Europe and the United States, 
the construction of pumped storage power station in China occurred relatively 
late. In the 1990s, a large number of large-scale pumped storage power stations 
were built in Guangzhou, Beijing’s Ming tombs, and Tianshiping in Zhejiang 
province. By the end of 2013, pumped storage installed capacity of China 
reached 215.45 million kW, with a capacity under construction of 
14.240,000 kW, and it is maintaining steady growth. Technologically 
speaking, the degree of localization of the monitoring, excitation, speed 
adjustment, protection, and automation system of pumped storage units under 
250 MW has reached a certain level in China, but it needs to be improved. The 
equipment with capacity of 250 MW and above is gradually localized, among 
which the domestic excitation system of 300 MW has been successfully put 
into operation. 


2.2.2 Compressed air energy storage 


2.2.2.1 Working principle and characteristics 


Based on the gas turbine technology, CAES consists of two cycle processes: 
the inflating compression cycle and the exhaust expansion cycle. During the 
process of compression, the surplus power of the load valley will drive the 
compressor and press the high-pressure air into the underground gas storage 
hole; while in peak load, the compressed air is preheated, and the fuel is 
burned inside the combustion chamber to generate power. 

The principle of CAES is shown in Fig. 2.6. 

The construction and power generation costs of CAES system are lower 
than that of a pumped storage power station. The probability of air leakage 
cracking is minimal, and it has both cold start and black start, so it is safe with 





FIGURE 2.6 CAES working principle. 
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a long life. But its energy density is low, and it must be used in gas turbine 
power plants, not suitable for other types of power stations, so it is constrained 
by rising fossil fuel price and pollution control issues. In addition, similar to 
pumped storage power stations, special geographic conditions are also 
required to build large gas storage chambers for compressed air storage, such 
as sealed caves or abandoned mines. 

To solve the main problems of a traditional CAES system, there have been 
some improved technologies in the world, including advanced adiabatic CAES 
system, small CAES system, and miniature CAES system. In the advanced 
adiabatic CAES system, the compressed heat is stored in the heat storage 
device, which will recover in the release process, and the theoretical storage 
efficiency of the system can reach more than 70%. The small CAES system is 
generally about 10 MW, and it is more flexible for using high-pressure tanks 
on the ground to store compressed air, which breaks the restrictions of 
dependence of a large traditional compressed air power station on gas storage 
caves. The scale of the micro-CAES system is generally several kilowatts to 
dozens of kilowatts. It also uses high-pressure vessels on the ground to store 
compressed air, but it is usually backup power for special areas, remote, 
isolated areas of the microgrid, and compressed air vehicle power. 


2.2.2.2 Key technologies 


The key technologies of CAES system include high-efficiency compressor 
technology, expansion machine technology, combustion chamber technology, 
heat storage technology, gas storage technology, etc. 


1. The compressor and expansion machine are the core components of a 
CAES system, which play the decisive role for the performance of the 
whole system. Although CAES systems are similar to gas turbines, they 
have much higher air pressure than gas turbines. Therefore, compressors of 
large compressed air storage power stations usually use axial flow and 
centrifugal compressors to realize multistage compression and interstage 
and poststage cooling. As for the expander, the form of multistage 
expansion and intermediate reheat is always adopted. 

2. Combustion chamber technology. Compared with a conventional gas 
turbine, the high-pressure combustion chamber of a CAES system has 
higher pressure. Therefore, more pollutants will be produced under higher 
temperature. As a result, the temperature will be controlled under 500°C. 

3. Heat storage technology. Energy storage materials should have a large 
specific heat capacity, wide temperature range, and what is more, they 
should be free of pollution. 

4. Gas storage technology. Large compressed air energy storage systems have 
large air capacity, so the gas is usually stored in underground salt mines, 
hard rock caves, or porous caverns. Though the micro-sized one can be free 
from the dependence on the gas storage cave. 
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2.2.2.3 Application status 


The CAES is mainly used in peak valley electric energy recovery adjustment, 
balance load, frequency modulation, distributed energy storage, and power 
generation systems. At present, there are more compressed air storage power 
stations in the world, which are mainly in Germany, the United States, Japan, 
and Switzerland, as shown in Table 2.4. In addition, Italy, Israel, and South 
Korea are also actively developing compressed air storage power plants. 

China’s research on compressed air storage system is relatively late, but 
with the rapid increase of energy storage demand, relevant researches have 
gradually gained attention of some universities and research institutes. Engi- 
neering Thermal Physics of Institute of Chinese academy and other units have 
studied the thermal performance, economic performance and commercial 
applications of CAES station, but mostly concentrated in the theory and small 
experiment level. There is no commercially available compressed air storage 
power station. 


2.2.3 Flywheel energy storage 
2.2.3.1 Working principle and characteristics 


The flywheel energy storage system mainly includes three parts: the rotor 
system for storing energy, the bearing system that supports the rotor, and the 
motor/generator system that realizes the energy conversion. The basic prin- 
ciple is using the electric motor to drive the flywheel to rotate at high speed, 
converting electric energy into mechanical energy to be stored; when neces- 
sary, the flywheel decelerates, and the motor runs as a generator, converting 
the kinetic energy of the flywheel into electricity, so the acceleration and 
deceleration of the flywheel realize the storage and release of electric energy. 
The basic structure of a flywheel energy storage system is shown in Fig. 2.7. 


TABLE 2.4 Foreign compressed air storage demonstration power stations. 


Total installed Generation 

Name Country capacity (MW) date Functions 

Huntorf Germany 290 1978 Hot standby and 
smooth load 

McIntosh USA 110 1991 Peak load 
regulation 

Norton USA 2700 2001 Peak load 
regulation 

Sunagawacho _ Japan 2 2001 Energy storage 


demonstration 
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FIGURE 2.7 Working principle of flywheel energy storage. 


Flywheel products can be divided into low-speed and high-speed 
flywheels. 

The rotor of a low-speed flywheel product is mainly made of steel with 
high quality, and the rotor edge linear speed is generally not more than 
100 m/s. This kind of product can adopt mechanical bearing, permanent 
magnetic bearing, or electromagnetic bearing. The whole system has low 
power density, so it improves the power and energy of the energy storage 
system mainly through increasing the quality of the flywheel. The rotor speed 
of a high-speed flywheel can reach up to 5000 r/min, and the rotor edge linear 
speed can reach up to 800 m/s. Therefore, high-strength materials such as glass 
fiber and carbon fiber are mainly used for manufacturing rotors. Such products 
can only use permanent magnet, electromagnetic, or superconducting bear- 
ings. At present, the research and application of permanent magnet and 
electromagnetic bearings in many countries are mature, and the latest research 
is high-speed flywheel products based on superconducting magnetic levitation. 

A flywheel energy storage system has many advantages for it is running in 
a high-vacuum environment and has no friction loss, small wind resistance, a 
cycle efficiency of 85%—95%, long life, and is ecofriendly and free of 
maintenance. It also has disadvantages such as low energy density, high 
self-discharge rate, complex system, and high technical requirements for 
rotor and bearing. 


2.2.3.2 Key technologies 


Flywheel energy storage is now at the experimental stage, and there are still 
five main technical problems: the flywheel rotor, bearing, energy conversion 
system, motor/generator, and vacuum chamber. 


1. Flywheel rotor. The flywheel rotor is the most important part of the 
flywheel energy storage system. The transformation of energy of the whole 
system depends on the rotation of the flywheel. It is necessary to develop 
the flywheel with high strength and suitable structure based on rotor 
dynamics design. 
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2. Support bearing. Bearing technology supporting a high-speed flywheel is 
one of the key factors restricting the efficiency and service life of the 
flywheel. 

3. Energy conversion system. The core of the flywheel energy storage system 
is the conversion between power and mechanical energy, which adjusts 
energy input and output of the conversion process to coordinate the fre- 
quency and phase. The energy conversion unit determines the efficiency of 
the system and governs the operation of the flywheel system. 

4. Generator/motor. The high speed of the flywheel energy storage rotor leads 
to the high speed of the flywheel motor, which requires high efficiency, low 
power consumption, and high reliability of the flywheel motor system. The 
current research on permanent magnet motors focuses on reducing loss and 
resolving the temperature sensitivity of a permanent magnet. 

5. Vacuum chamber. The vacuum chamber is the auxiliary system of the 
flywheel energy storage system that makes the system independent from 
the outside environment. 


2.2.3.3 Application status 


The concept of flywheel energy storage in the modern sense was first proposed 
in the 1950s. In the 1970s, the US Energy Research Development Agency and 
the US Department of Energy (DOE) started funding the flywheel energy 
storage system application development. Japan and Europe carried out the 
relevant technology and product research and development successively. The 
flywheel energy storage has really entered the period of high-speed develop- 
ment due to the maturity of magnetic levitation, carbon fiber composite 
materials, and power electronics technology since the 1990s. Today, flywheel 
products based on permanent magnetic levitation and electromagnetic levita- 
tion bearings are mature, stable, and reliable. At present, the flywheel energy 
storage system is mainly used in the fields of uninterrupted power supply, 
renewable energy grid, and frequency modulation. 

In the United States, Japan, and the United Kingdom, the development and 
application of flywheel energy storage technology has been developed, and a 
series of products have been formed to achieve megawatt power output. 
Meanwhile, China’s research on flywheel energy storage system started late 
and mainly operated in colleges and universities. There is no mature product 
and demonstration application in China. 


2.3 Electromagnetic energy storage 
2.3.1 Supercapacitor energy storage 


2.3.1.1 Working principle and characteristics 


Based on the electrochemical electric double layer theory, a supercapacitor 
energy storage unit can provide powerful pulse power. The charge on the 


38 Grid-scale energy storage systems and applications 


Electrolyte Separator 






@ 
to) 
+ Electrode ie — Electrode 





FIGURE 2.8 The schematic diagram of the supercapacitor. 


surface of electrodes will attract the ions with opposite nature in the sur- 
rounding electrolyte solution and make them attach to the electrode surface to 
form a double charge layer, namely double layer capacitor. Due to the very 
small spacing between the charge layers (generally < 0.5 mm) and the special 
electrode structure, the surface area of the electrode is growing by a factor of 
10,000, resulting in a great amount of capacity. Fig. 2.8 is the internal structure 
of the supercapacitor that includes the positive electrode, negative electrode, 
diaphragm, and electrolyte. 

A supercapacitor can be divided into carbon-based supercapacitor, metal 
oxides supercapacitor, and polymer supercapacitor, etc., according to 
different electrode selection. The carbon-based supercapacitor is currently 
the most widely used one. The electrode materials of a carbon-based 
supercapacitor are made up of carbon materials. Organic electrolyte takes 
the role of the medium, and there is an ionic double electric layer between 
the activated carbon and the electrolyte. Energy is stored in the double 
electric layer and electrode through polarized electrolyte. There is no 
chemical reaction in the energy storage process of the double electric layer of 
supercapacitor, and the process is reversible. As a result, supercapacitors can 
repeatedly charge and discharge hundreds of thousands of times and not 
pollute the environment. Supercapacitors have several advantages: high po- 
wer density and suitability for short-time high-power output; high charging 
speed and simple charging mode allow it to be charged with large current, 
and the charging process can be finished in a few seconds to minutes; long 
service life; the number of cycle usages of deep charge and discharge 
can reach 1—500,000 times; the circulation efficiency is 85%—98%; low 
temperature performance; most of the charge transfer is carried out on the 
surface of the electrode active material; and low attenuation of capacity with 
temperature decreases. 
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2.3.1.2 Key technologies 


Supercapacitor body. Supercapacitor products have been industrialized in 
many countries, and the material purity, manufacturing process, and overall 
performance of products still need to be further improved in China. 

Voltage balance. The working voltage of the supercapacitor has a great 
impact on its service life. The problem of capacitor voltage imbalance is the 
main factor limiting the use of series capacitor groups. 

Control method. Advanced control methods can make output voltage of the 
inverter stable and reliable and realize fast dynamic response. 


2.3.1.3 Application status 


Supercapacitors have been widely used in electronics, electric toys, and other 
fields since Japan’s NEC, Panasonic, and other companies launched industrial 
products in the 1880s. With the further reduction in the cost and the increase in 
the energy density, supercapacitors can be used in electric vehicles, rail transit 
energy recovery systems, and power systems, among which supercapacitors are 
used in power systems for short-time, high-power load smoothing and improving 
power quality. Especially in the distribution network, the role of maintaining 
voltage stability, suppressing voltage fluctuation and flashing, suppressing 
voltage drop, and instantaneous power supply is being gradually reflected. 


2.3.2 Superconducting magnetic energy storage 


2.3.2.1 Working principle and characteristics 


The basic structure of SMES is mainly composed of superconducting coils, 
quench protection, cooling systems, converters, and controllers. As shown in 
Fig. 2.9, a superconducting coil can be used as an energy storage coil, which is 
powered by the power grid through the converter to generate a magnetic field 
in a coil for energy storage. The stored energy can be sent back to the grid or 
provided for other loads by inverters when needed. 

A superconducting energy storage coil is almost free of loss, so the energy 
stored in the coil is almost undiminished. Compared to other energy storage 
systems, a superconducting magnetic storage has high conversion efficiency 
(about 95%) and quick reaction speed (up to a few milliseconds). The biggest 
drawback is the high cost and then the need for compressors and pumps to 
maintain low temperature of the liquefaction coolant, which makes the system 
more complicated and needs to be maintained regularly. 


2.3.2.2 Key technologies 
At present, SMES technology has developed greatly. But further research on 
the following technologies is needed to apply to power systems: 


1. Explore and study new principles and new devices of superconducting 
electric power to maximize the superior performance of superconductors. 
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FIGURE 2.9 SMES energy storage schematic diagram and structure diagram. 










2. Explore the superconducting materials with new high performance and 
high critical temperature. Develop new types of superconductors with low 
cost, higher critical temperature, and current density to further improve the 
superconducting wire/tape critical current density, mechanical character- 
istics, and thermodynamic properties. 

3. Research cryogenic cooling technology and other related technologies, 
such as low-temperature systems with high reliability and conduction 
cooling technology, low-loss current leads, magnetic power supply, control 
and protection, etc. Combine superconducting technology with power 
electronics technology to integrate the function of superconducting trans- 
formers, superconducting energy storage, and active filtering, etc. 


2.3.2.3 Application status 


The research and development of SMES mainly began in developed countries 
such as the United States, Japan, and Europe in the 1970s. The SMES system 
is not only used to load peak, but it also can store the emergency standby 
power. For small- and medium-sized SMES, especially mini-SMES, its high- 
speed regulating characteristics of the active and reactive power can be used to 
improve the power factor, steady power grid frequency, control the 
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instantaneous fluctuation of voltage, uninterruptible power supply to important 
users, and other functions. As a result, it greatly improves the quality of power 
supply, meeting military, industrial, and civilian power needs. In addition, an 
SMES system is commonly used in the power generation and wind power 
generation system and places that have strict requirements for the quality and 
reliability of power supply. 

At present, only an American superconductor can provide the SMES 
products world-wide. Its products mainly include uninterruptible power supply 
and distributed power supply for low-temperature superconducting energy 
storage. While in China, there are laboratory products in Institute of Electrical 
Engineering of the Chinese Academy of Sciences, Tsinghua, etc. However, 
there is still a great distance from commercial application. 


2.4 New type energy storage 
2.4.1 Advanced lead—acid battery 


Continuous development of an advanced lead—acid battery has made it still 
competitive. The UltraBattery and lead—carbon battery are the new types of 
lead—acid battery attracting much attention in recent years. Integrating char- 
acteristics of traditional lead—acid batteries and supercapacitors, these two types 
can significantly improve performance of the traditional lead—acid battery, 
especially the high current charge and discharge characteristics, and their service 
life can be three to four times that of the traditional lead—acid batteries. 


2.4.1.1 UltraBattery 


UltraBattery was jointly developed and produced by Australia-based CSIRO 
and The Furukawa Battery of Japan. At present the available reports on 
UltraBattery basically come from CSIRO and Furukawa. There are few 
research reports in China, and many studies are in the exploration stage. 

UltraBattery is a hybrid energy storage device, composed of a lead—acid 
cell and asymmetric supercapacitor that are connected in parallel with an 
internal noncontrolled circuit. Fig. 2.10 is the schematic diagram of the 
UltraBattery structure. In the UltraBattery, the positive plate of the lead—acid 
cell is made of lead dioxide, and the negative plate is made of porous lead 
material. The UltraBattery integrates the lead—acid battery and supercapacitor 
in both the structure design and the use. When the UltraBattery charges or 
discharges at a very high rate, the supercapacitor can provide a high power to 
buffer the current and protect the lead—acid battery components and prolong 
service life of the battery. 

The UltraBattery has the following advantages: energy density is similar to 
the lead—acid battery; high charge rate; less sulfation at the negative pole, and 
the cycle life is prolonged; and it is safer and less expensive than the lead—acid 
battery. 
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FIGURE 2.10 Schematic diagram of UltraBattery structure. 


2.4.1.2 Lead—carbon battery 


Developed by Axion in 2004, the lead—carbon battery is a mixture of 
lead—acid battery and supercapacitor. Fig. 2.11 shows the schematic diagram 
of the lead—carbon battery. The carbon materials with capacitance charac- 
teristics or high conduction characteristics (for example, activated carbon or 
carbon black) are directly injected in the negative pole in the process of 
creaming to improve utilization of lead active substance and constrain 
sulfation. 

As the lead—carbon battery further simplifies the process on the basis of 
“combining” supercapacitor, and its fabrication is very close to the technique 
of the traditional lead—acid battery, it is easy to industrialize. Therefore the 
Advanced Lead—acid Battery Consortium has attached great importance to 
the development of the lead—carbon battery, and its members have carried out 
researches in the carbon material and lead—carbon negative pole. Today the 
research mainly focuses on the carbon material development, lead—carbon 
formula design, and battery structure optimization. 
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FIGURE 2.11 Schematic diagram of lead—carbon battery. 
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2.4.2 Lithium—sulfur battery 


The lithium—sulfur battery is a member of the lithium-ion battery and is under 
development. Its advantage lies in the high energy density that is several times 
that of the traditional lithium-ion battery, theoretically 2600 Wh/kg, with open 
circuit voltage of 2 V. But the actual energy density is much lower than the 
theoretical value. For example, the actual value of lithium—sulfur battery 
developed by Sion Power is only 350 Wh/kg. 

The lithium—sulfur battery is composed of the metal lithium negative pole 
and elemental sulfur positive pole. Its working principle is shown in Fig. 2.12. 
During discharge, the negative pole metal lithium dissolves in the electrolyte, 
and the lithium ion moves to the sulfur positive pole and reacts with sulfur to 
form polysulfide ion (Li2S,). During charge, the polysulfide ion decomposes, 
and the lithium ion returns to the negative pole. The whole chemical reaction 
process is as follows: 


Sg + 16e7° +16Lit > 8Li2S (2.11) 
The following is the reaction equation of a series of polysulfide ion: 
Sg — LinSg —> LinS6 => LipS4— LinS2 > Libs (2.12) 


With a reaction that occurs from left to right, the solubility of polysulfide 
ion is lowered. When the reaction approaches the final stage, Li2S2 and Li.S 
are separated out from the solution and form a solid precipitate that affects free 
movement of positive pole sulfur and consequently the battery capacity. 
Meanwhile, the dissoluble polysulfide ion moves to the lithium negative pole 
to cause serious self- discharge and shorten the service life of the battery. 
Currently the research focuses of lithium—sulfur battery are to improve sulfur 
content of the positive pole, design a stable conduction structure for the sulfur 
positive pole, develop a new type electrolyte that is compatible with both 
sulfur pole and lithium metal, etc. 


2.4.3 Sodium-ion battery 


The sodium-ion battery was developed by Aquion Energy of the United States 
in 2009. It is an asymmetric hybrid supercapacitor using low-cost activated 
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FIGURE 2.12 Working principle diagram of lithium—sulfur battery. 
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FIGURE 2.13 Working principle of asymmetric hybrid supercapacitor using water-based sodium 
ion electrolyte. 


carbon anode, sodium manganese oxide cathode, and aqueous sodium ion 
electrolyte. Fig. 2.13 shows its working principle. During the battery charge, 
the cathode sodium ion is separated from the sodium manganese oxide and 
moves toward the activated carbon capacitor with negative charge. During the 
battery discharge, the sodium ion with positive charge returns to the cathode 
and combines with manganese to form manganese oxide and generate electric 
current. 

The sodium-ion battery has the following advantages: low costs of raw 
materials; chemical reaction is free of corrosivity; long time charge will 
not cause battery damage, degradation, or self- discharge; and long cycle 
life. 

At present the sodium-ion battery is at the technical verification stage. 
The DOE of the United States only has one sodium-ion battery project 
(14 kW/56 kWh sodium-ion energy storage testing system) in its global 
energy storage database. Aquion Energy started mass production in 2013 
to explore the energy storage market of the high-capacity and low-cost 
battery. 


2.4.4 Heat pump energy storage 


Heat pump energy storage is a simple, low-cost energy storage technology. It 
generates hot air and cold air and stores them with mineral grains (or detritus). 
The heat pump compresses or inflates argon with the original Ericsson cycle 
system (or closed Brayton circulating system), and it conducts heat or cold air 
with the working fluid to assist the energy storage system. With innovation and 
development of modern technology and new materials, progresses have been 
made in the mechanical configuration, piston structure, valve design, and 
sealing design. The technical progresses enable the heat pump energy storage 
system to operate economically and maintain a high working efficiency at 
different temperatures. 

Fig. 2.14 describes the charge and discharge process of the heat pump 
energy storage system. The charge process needs electricity to drive the heat 
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FIGURE 2.14 Schematic diagram of the charge—discharge cycle of the heat pump energy 
storage system. 


pump to transmit heat and cold air and store them separately in the thermal 
storage tank and the cold storage tank till the hot frontal reaches the heat 
exchange critical value and the hot air and cold air pass the thermal storage 
tank and cold storage tank directly. At this moment the system is fully charged 
and stops charging. When in need of discharge, the heat pump serves as the 
generator to generate electricity. 


2.4.4.1 System charge process 


1. 


2s 


Drive the heat pump to inhale argon and compress the gas to 12 bar and 
heat to about 500°C. 

Argon enters the heat exchange space that is filled with mineral grains, and 
heat is absorbed by the grains. At this moment the mineral grains are 
heated to 500°C, and argon is cooled to the ambient temperature (keeping 
at 12 bar). 


. Argon is discharged from bottom of the heat storage tank and passes 


through the heat exchanger to ensure the gas reaches the system ambient 
temperature. 


. Cooled argon enters a small expander to inflate gas to the system ambient 


pressure and cool to about —160°C. 


. The cooled argon enters the bottom of the cold storage tank and is cooled 


to —160°C when passing through the mineral grains. Argon restores to the 
system ambient temperature at the top of the cold storage tank. 
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6. Argon passes through another heat exchanger and is guaranteed to reach 
the system ambient temperature. 

7. The returned argon reaches the system ambient pressure and temperature 
and reenters and flows through the compressor. The charge process starts 
again. 


2.4.4.2 System discharge process 


1. Argon flows through the top of the cold storage tank and is cooled by the 
mineral grains (keeping below the ambient pressure). The mineral grains 
are heated to the system working temperature. 

2. Argon at a temperature of —160°C is discharged from the bottom of the 
cold storage tank and enters the small compressor at the bottom of the 
heat pump. Argon is compressed to 12 bar and the system ambient 
temperature. 

3. Argon flows through the heat exchanger and is guaranteed to reach the 
system ambient temperature. 

4. Argon enters the bottom of the heat storage tank and flows upward to reach 
the top of the tank. When passing through the mineral grains, the gas is 
heated to 500°C. 

5. Heated argon leaves the heat storage tank to enter the expander at the top of 

the heat pump. 

Gas is inflated to the system ambient pressure and temperature. 

7. Argon flows through the heat exchanger again to ensure that it reaches the 
system ambient pressure and then enters the top of the cold storage tank. 
The discharge process starts again. 


> 


One of the biggest advantages of the heat pump energy storage system is the 
flexibility of site. Different from the pumped storage technology and com- 
pressed air energy storage technology, the heat pump energy storage technology 
does not depend on reservoir or underground cavern or other natural environ- 
ments. It can be installed and constructed at any location when necessary and 
is not subject to the geologic constraints. Moreover, the materials used for the 
heat pump energy storage system are environmentally friendly, rich in reserve, 
and low cost. The floor area is smaller than the pumped storage power station. 


2.4.5 Gravity energy storage 


The gravity energy storage is developed from the principle of pumped storage, 
and its working principle is shown in Fig. 2.15. The gravity energy storage 
system consists of two underground silos (energy storage silo and backwater 
silo) with a diameter of 2-10 m and 500—2000 m depth. The energy storage 
silo is equipped with a series of gravity pistons, while the backwater silo is 
filled with free-flowing water. The two silos are located very close to each 
other and connected to form a closed loop by an interconnected channel. 
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FIGURE 2.15 Structure of gravity energy storage system. 


The working process of the system is simple. With upward and downward 
movement of the gravity pistons, it completes the energy storage and discharge. 

In the process of energy storage, the water turbine of the gravity energy 
storage system serves as the water pump and runs reversely to use nonpeak 
energy or surplus energy generated by renewable energy to pump water above 
the piston of the energy storage silo to the backwater pipe, which flows to the 
silo below the piston through the interconnection pipe. Under the rising water 
pressure, the gravity piston is raised to the upper part of the silo, and electricity 
is transferred to the piston gravitational potential energy and stored. 

In the process of power generation, the piston is released. With the piston 
position lowering, water below the piston is forced into the backwater silo 
through the interconnection channel and returns to the silo above the piston 
through the water turbine. In the process, the water turbine is driven by flowing 
water to run and drive the generator to generate power and transfer the stored 
gravitational potential energy into electricity. 

Advantages of the gravity energy storage system are that efficiency is as high 
as 75% —80% and there are low production costs, about US$69—113/MWh. 
And the construction cost is US$1000/kW and US$1900/kW, respectively, for 
the peak load power station. Compared with the gas load shaving power stations, 
it is very competitive. Also, it has zero emissions, it does not need to continu- 
ously supplement work medium, it has a constant system pressure, rapid 
response, and high flexibility in site selection, and a short construction cycle. 

Disadvantages of the gravity energy storage system are that at present there 
is no technical or commercial verification in practice. The main concerns are 
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put on the silo wall leakage and the deep depth of the silo, high weight of the 
gravity piston, and maintenance difficulties, among others, that constrain 
development of the technology. Once any problem occurs, the system needs to 
shut down, and the repair is costly, especially when any fault occurs at un- 
derground 2000 m. Moreover, the sealing mechanism between the edge of the 
gravity piston and the silo wall is not well defined, which is the most important 
part concerning safe operation of the system and directly affects the energy 
storage and release effect of the gravity piston. 


2.5 Comprehensive comparison of energy 
storage technologies 


2.5.1 Technical maturity 


See Fig. 2.16 for the technical maturity of various energy storage technologies. 
Based on the current situation of various energy storage technologies, they can 
be divided into the mature application, early stage of industrialization, and 
initial research states. The lead—acid battery is the most mature technology of 
chemical battery, and pumped storage is the most mature physical energy storage 
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FIGURE 2.16 Comparative maturity of different energy storage technologies. 
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technology, which has been used for more than 100 years. Lithium-ion battery, 
vanadium redox battery, zinc—bromine flow battery, sodium—sulfur battery, 
CAES, flywheel energy storage, supercapacitor energy storage, and SMES are 
relatively mature technologies and commercially viable, but they are still at the 
early stage of industrialization and have some way to go to mass production. 


2.5.2 Performance parameters 


2.5.2.1 Power level and discharge time 


See Fig. 2.17 for the power level and discharge time of different energy storage 
technologies. According to the energy storage applications, they can be 
divided into the following three categories: 


1. Large-scale energy storage. The pumped storage and CAES are suitable for 
the applications of above 100 MW, and they provide hour-level electricity 
output in daytime and play an important role in load tracing and modu- 
lation and peak—load shifting, etc. The large-scale battery energy storage 
systems are suitable for medium-scale applications of 10—100 MW. 

2. Energy quality adjustment. The battery energy storage, flywheel energy 
storage, supercapacitor, and SMES feature a rapid response, close to the ms 
level, and they are suitable for improving the energy quality, for example 
checking the voltage drop and voltage flicker. The typical power applica- 
tion is lower than 1 MW. 

3. Backup power supply. Lead—acid batteries, lithium-ion batteries, and flow 
batteries not only have the characteristics of fast response (<1 s), but they 
also have a longer continuous discharge time. They are more suitable for 
the backup power supply of the system. The typical power application is 
100 kW—10 MW. 
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FIGURE 2.17 Comparison of power level and discharge time of various energy storage 
technologies. 
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2.5.2.2 Energy/power density 


Energy density refers to the output energy of the energy storage system at unit 
volume or unit mass, while power density refers to the output power of the 
energy storage system at unit volume or unit mass. The energy storage system 
includes energy storage unit, auxiliary equipment, support structure, and 
electricity transform equipment. Similar products may have different energy 
density and power density because of differences of manufacturing process. 
From Table 2.5, we can see the battery energy storage products have a 
relatively high energy density; the energy density of pumped storage, super- 
capacitor, and SMES is lower than 30 Wh/kg. However, flywheel energy storage, 
supercapacitor, and superconducting energy storage have a very high power 
density, and they can discharge in a large flow and response rapidly. They are 
suitable for coping with voltage sag and momentary power failure, improving 
users’ electric power quality, constraining the low-frequency fluctuation of the 
power system, and improving the system stability. The energy density of lithium- 
ion battery and sodium—sulfur battery is 3—4 times that of the traditional 
lead—acid battery, while the energy density of vanadium redox battery and 
zinc—bromine battery is greater than that of conventional lead—acid batteries. 


2.5.2.3 Self-discharge 


See Table 2.6 for the comparison of characteristics of various energy storage 
technologies. 

From Table 2.6, we can see that the self- discharge rate of lead—acid 
battery and lithium-ion battery is 0.1%—0.3% per day at the room temperature, 
and the resting period should not exceed dozens of days. The self- discharge of 
vanadium redox battery and zinc-bromine battery is relatively low and has a 
relatively long resting period. Because of high working temperature, 
sodium—sulfur battery needs a self- heating system to maintain operation, 
resulting in a self- discharge rate as high as 20% per day. The pumped storage 
and CAES have a very low self- discharge. The self- discharge rate of flywheel 
energy storage is 100% per day, and the best discharge time should be 
controlled within the minute level. The self- discharge of supercapacitor and 
SMES is 10%—40% per day, and the longest cycle is several hours. 


2.5.2.4 Cycle efficiency 


The single cycle efficiency is defined as the ratio of discharge capacity to 
charge capacity in a single cycle, regardless of the self- discharge loss. 
Fig. 2.18 compares the single cycle efficiency of various energy storage sys- 
tems, which can be divided into two categories: 


1. Lithium battery energy storage, flywheel energy storage, supercapacitors, 
and SMES systems have a high recycling efficiency, higher than 90%. 

2. The other kinds of batteries and pumped storage, CAES systems have a 
relatively high cycle efficiency (60% —90%). CAES system includes the 
gas compression and inflation processes, and before rapidly compressing 
air, it needs preheating that consumes thermal energy; accordingly, its 
cycle efficiency is lower than that of the pumped storage system. 


TABLE 2.5 Characteristics of various energy storage technologies. 


Energy storage technology 


Electrochemical 
energy storage 


Mechanical 
energy 
storage 


Electromagnetic 
energy storage 


Lead—acid battery 


Lithium-ion battery 


Vanadium redox 
battery 


Zinc—bromine 
battery 


Sodium—sulfur 
battery 


Pumped storage 


Compressed air 


Flywheel energy 
storage 


Supercapacitor 
energy storage 


Superconducting 
energy storage 


Energy/power density 


Wh/kg 
30-50 


75-250 


40-130 


60—80 


150—240 


0.5-1.5 


30—60 


5—130 


0.1-15 


OS55 


W/kg 
75-300 


150-315 


50-140 


50-150 


90—230 


400-1600 


500—5000 


500—2000 


Typical rated 
power (MW) 


<100 


<100 


<100 


<10 


0.1—100 


100—5000 


10—300 


0.005—1.5 


0.01—1 


0.01—1 


Discharge 
time 


Minute to 
hour 


Minute to 
hour 


Minute to 
hour 








Minute to 


hour 


1-10h 


4-10h 


1—20h 


15 s—15 min 


1-305 


2s—5 min 


Characteristics 


Mature technology, relatively low cost, short cycle life, 
and environmental problems 


High specific energy, high cost, group application needs 
further improvement 


High battery cycle index, allowing deep charge and 
discharge, suitable for combination, but the energy 
storage density is low 


Relatively high specific energy, high cost, operating 
safety needs to be improved 


Applicable to large-scale application, mature 
technology, slow response, needs geographic resources 


Applicable to large-scale application, slow response; 
needs geographic resources 


Relatively high specific power, high cost, high noise 


Quick response, high specific power, high cost, low 
energy storage 


Quick response, high specific power, high cost, difficult 
in maintenance 


TABLE 2.6 Comparison of characteristics of various energy storage technologies. 


Energy storage technology 


Electrochemical 
energy storage 


Mechanical 
energy storage 


Electromagnetic 
energy storage 


Lead—acid 
battery 


Lithium-ion 
battery 


Vanadium redox 
battery 


Zinc—bromine 
battery 


Sodium—sulfur 
battery 


Pumped storage 
Compressed air 


Flywheel energy 
storage 


Supercapacitor 
energy storage 


Superconducting 
energy storage 


Self- discharge 
(per day) (%) 
OREO 

OnE Ors 

Very small 
Small 


20 


Very small 
Small 


100 
20—40 


10-15 


Service life (year) 


S15) 


5-15 


>20 


Cycle life 


Cycle index 
500—1000 (80% DOD) 


>1000 (90% DOD) 
>10,000 (100% DOD) 
>10,000 (100% DOD) 


>4500 (90% DOD) 


>20,000 
>100,000 


>100,000 


Investment cost 


US$ (kW) 
280-910 


490-1400 


3500 


700—2520 


980—2800 


700-5040 
560-1610 
140—420 


140—560 





140—560 


US$ (kWh) 
70—420 


280—1400 





140-1400 


140—980 


140—280 


84-210 
14-168 
1400—4900 


420—5600 


980—9800 
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FIGURE 2.18 Comparison of single cycle efficiency of energy storage systems. 


2.5.2.5 Cycle life 


Table 2.6 compares the service life and cycle index of different energy storage 
technologies. Take the electrochemical energy storage, for example. Because 
of degradation degree of the performance of electrode materials, liquid flow 
batteries and sodium sulfur batteries have a much higher cycle index than 
lead—acid batteries and lithium-ion batteries. The service life of physical 
energy storage technologies such as pumped storage, CAES, and flywheel 
energy storage is mainly subject to the service life of mechanical parts of the 
systems and affected highly by the traditional mechanical engineering tech- 
nology. The cycle index of an electromagnetic energy storage system can be as 
high as tens of thousand times. 


2.5.2.6 Investment cost 


Cost is an important element affecting whether the energy storage technology 
can be popularized. Table 2.5 lists the unit power cost and unit capacity cost, 
taking into account the energy conversion efficiency of energy storage systems. 

The investment cost of a lead—acid battery is relatively low, but its cycle 
life is short and investment in its energy management applications is not the 
lowest. Considering differences of technology and applications, the cost does 
not include operation, maintenance, recycling, or other expenses. 

Pumped storage and CAES have a relative low capacity cost; especially, 
CAES features a high economy performance among mature energy storage 
technologies. Cost of battery energy storage is lowered with technological 
improvement, but still higher than the pumped storage. Flywheel energy 
storage, supercapacitor, and SMES technologies feature a high power density 
and a low unit power cost, and they are applicable to the applications of high 
power and short time. Their unit capacity cost is very high. 
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2.5.3 Applications 


Applications of different energy storage technologies can be summarized as 
follows: 


1. For the applications of low power and long time, the lithium-ion battery is 
the best choice; the key technology is the battery grouping and lowering 
self- discharge rate of the system. 

2. In remote areas with electricity supply from intermittent renewable energy, 
the key element of configuring an energy storage system with small 
capacity (dozens of kWh) is the price/performance ratio. At present, the 
lead—acid battery has a higher price/performance ratio, but its price is 
relatively high. 

3. A high-capacity energy storage system is required in the large grid 
peak—load shaving (>100 MWh); pumped storage and CAES systems 
have obvious economic advantages; the capacity of the energy storage 
system used for load leveling of the distribution network is between | and 
30 MW;; the rapid response and configuration flexibility of the battery 
energy storage make it more applicable to such applications; however, the 
large-scale promotion of the battery energy storage needs further 
verification. 

4. The key factor used for energy quality regulation lies in the instantaneous 
discharge capacity and cycle life. Flywheel energy storage and super- 
capacitor energy storage have more advantages than lithium-ion battery 
energy storage. 


Of all energy storage technologies, the lead—acid battery technology is 
mature but constrained by the cycle life. 

In the actual power system, not a single energy storage technology can 
fully meet all needs of various applications. In the field of new energy power 
generation applications, the DOE and the Electric Power Research Institute of 
the United States attach importance to development of mutual complementary 
integration and overall control technology of clean energy with diversified 
energy storage technologies such as compressed air and battery energy stor- 
age, and they have deployed a number of important demonstration projects. 
Europe tends to use water or underground compressed air to solve the large- 
scale PV and wind power access and utilization, and it uses battery energy 
storage to solve access and consumption of new energy power generation 
according to actual situation of resources. Japan has taken a lead in battery 
energy storage device manufacturing technology and attached importance to 
improving the large-scale new energy access capacity with wind power and 
solar power integration, and it has implemented many large-scale wind and 
solar power energy storage combined generation demonstration projects. 
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China mainly advocates pumped storage and battery storage. Pumped storage 
technology is mature, but it is constrained by water resources and geographic 
conditions, and the construction period is long and investment is high. 
Therefore, a large-capacity battery energy storage system has gradually 
become a research focus. At present, the initial formation of large-capacity 
lithium-ion battery industrialization has laid a foundation for large-scale en- 
ergy storage applications, while breakthroughs have been made in research of 
flow batteries and sodium—sulfur batteries. 


References 

[1] Xiaoya Z, Yin Z, Sun Z. Application and prospect of advanced energy storage technology in 
smart grid. Electric Age 2011;(1):44—7. 

[2] Li W, Hu Y. Present situation and research progresses in its service life of dynamic lead — 
acid battery. China Manufacturing Information 2011;40(4):70—2. 

[3] Yang Y. Research status and development prospects of new lithium — ion battery cathode 
materials. Advanced Materials Industry 2010;(10):11—4. 

[4] Zhao P, Zhang H, Wang H, et al. Research status and prospects of vanadium redox energy 
storage battery. Journal of Shenyang Ligong University 2009;28(2):1—6. 

[5] Zhang H, Zhang Y, Liu Z, et al. Research progress in the technology of flow batteries. 
Progress in Chemistry 2009;21(11):2333—40. 

[6] Xiao Y, Yan M. Zinc — bromine flow battery based energy storage technology. Oriental 
Motor 2012;(5):80—4. 

[7] Sun B, Jiang J, Shi W, et al. Research on the status of sodium —sulfur battery energy storage 
applications. Modern Electric Power 2010;(6):62—5. 

[8] Zhang X. Research on some problems of compressed air energy storage system. Beijing: 
Graduate University of Chinese Academy of Sciences; 2011. 

[9] Zhang W, Zhu W. Key technology of flywheel energy storage and its development status. 
Transactions of China Electrotechnical Society 2011;26(7):141—6. 

10] Haigang W, Dai X, Zhang L, et al. New developments of flywheel energy storage 
technology. Acta Energiae Solaris Sinica 2002;23(6):748—53. 

11] Yuzhong H, Yan L, Jiang Y, et al. Research progress in superconducting magnetic energy 
storage system (I) — superconducting energy storage devices. Automation of Electric Power 
Systems 2001;25(12):63—8. 

12] Ge Z, Zhou L, Zhao W, et al. Recent development of ultrabattery. Chinese Journal of Power 
Sources 2012;36(10):1585—8. 

13] Rastler D. Electricity energy storage technology options. America: Electric Power Research 
Institute; 2010. 

14] Barnes FS, Levine JG. Large energy storage systems handbook. America: Taylor and 
Francis Group, LLC; 2011. 

15] Kintner — Meyer M, Elizondo M, Balducci P, et al. Energy storage for power systems 
applications; a regional assessment for the northwest power pool. America: Pacific North- 
west National Laboratory; 2010. 

16] Schoenung S. Energy storage systems cost update. America: Sandia National Laboratories; 








2011. 


56 


[17] 


[18] 


[19] 


Grid-scale energy storage systems and applications 


China Energy Storage Alliance 


Energy Storage Alliance; 2011. 


China Energy Storage Alliance 


Energy Storage Alliance; 2012. 


China Energy Storage Alliance 


Energy Storage Alliance; 2013. 


. Energy storage white paper of China 2011. China: China 
. Energy storage white paper of China 2012. China: China 


. Energy storage white paper of China 2013. China: China 


